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Present status 
of the light sterile neutrino

• A number of experiments hint at a new neutrino mass 
eigenstate around 1 eV.  
!

• A definitive probe of this parameter space is necessary. 
!

• It would be great if the solution we develop could be 
used toward the future (e.g. δCP).
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3 neutrino  
oscillation framework

Light sterile neutrino 
(or something else 

we don’t understand)

3

“JAWS” (1975) 
 Directed by Steven Spielberg
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From Cape Cod, 
Massachusetts  

(~70 miles away)



My charge

  I would like to invite you to give a critical review talk on future short baseline 
experiments at the 26th International Conference on Neutrino Physics and 
Astrophysics (Neutrino 2014)… 
!
 By short baseline, I mean the search for sterile neutrinos whose masses are 
well above the atmospheric mass scale.  There appear to be many different 
proposals.  I see one of main functions of this talk is to clarify which can be 
conclusive in confirming or refuting the present anomalies.

From G. Feldman:

(emphasis is mine)
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• Where are we with the sterile neutrino? 

• Sterile neutrino complications and complaints.  

• What do we need to do to solve the light sterile neutrino 
issue? 

• An overview of the future accelerator-based experiments 
in the field.

Outline
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FIG. 24: The Lν/Eν distribution for events with Rγ > 10 and 20 < Ee < 60 MeV, where Lν is

the distance travelled by the neutrino in meters and Eν is the neutrino energy in MeV. The data

agree well with the expectation from neutrino background and neutrino oscillations at low ∆m2.
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Signal(?)
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MiniBooNE
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The “low energy excess”
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FIG. 3: The oscillation probability as a function of L/EQE
ν

for νµ → νe and ν̄µ → ν̄e candidate events from MiniBooNE
and ν̄µ → ν̄e candidate events from LSND. The data points
include both statistical and systematic errors. Also shown are
the oscillation probabilities from the two-neutrino and 3+2
joint oscillation fits.

(∆m2, sin2 2θ) = (0.037 eV2, 1.00). The χ2/ndf for the
best-fit point in the neutrino oscillation energy range of
200 < EQE

ν < 1250 MeV is 24.7/15.6, corresponding to a
probability of 6.7%. The probability of the background-
only fit relative to the best oscillation fit is 0.03%. Fig. 4
shows the MiniBooNE closed contours for νe and ν̄e ap-
pearance oscillations in neutrino mode and antineutrino
mode separately in the 200 < EQE

ν < 3000 MeV en-
ergy range, where a two-neutrino oscillation model is
assumed and where frequentist studies were performed
to determine the confidence level (C.L.) regions. The
separate best fits for neutrino mode and antineutrino
mode are at (∆m2, sin2 2θ) values of (3.14 eV2, 0.002)
and (0.05 eV2, 0.842). In the neutrino oscillation en-
ergy range of 200 < EQE

ν < 1250 MeV, the χ2/ndf
for the best-fit points in neutrino mode and antineu-
trino mode are 13.2/6.8 and 4.8/6.9 with probabilities
of 6.1% and 67.5%, respectively. The background-only
fit has a χ2-probability of 1.6% and 0.5% relative to the
best oscillation fits for neutrino and antineutrino, respec-
tively. Fig. 5 shows the closed contours for the com-
bined fit. The allowed regions for ∆m2 < 1 eV2 are in
agreement with the LSND allowed region [1] and con-
sistent with the limits from the KARMEN experiment
[26]. Fig. 2 shows the expectations from both the best
two-neutrino joint oscillation fit and from a 3+2 joint os-
cillation fit as a function of EQE

ν in both neutrino and
antineutrino modes. The best-fit parameters from the
3+2 oscillation fit are ∆m2

41 = 0.082 eV2, ∆m2
51 = 0.476

eV2, |Ue4|2|Uµ4|2 = 0.1844, |Ue5|2|Uµ5|2 = 0.00547, and
φ = 1.0005π. The 3+2 fit has three more parameters
than the two-neutrino fit [12] and will be discussed in a
future publication.

In summary, the MiniBooNE experiment observes a
total excess of 240.3 ± 62.9 νe and ν̄e events (3.8σ) in
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FIG. 4: MiniBooNE allowed regions in neutrino mode (top)
and antineutrino mode (bottom) for events with EQE

ν > 200
MeV within a two-neutrino νµ → νe and ν̄µ → ν̄e oscillation
model. Also shown is the ν̄µ → ν̄e limit from the KARMEN
experiment [26]. The shaded areas show the 90% and 99%
C.L. LSND ν̄µ → ν̄e allowed regions. The black stars show
the best fit points, while the crosses show LSND reference
values.
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Giunti and Laveder, Phys.Rev.C83, 065504(2011)
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Figure 56. Weighted average (with correlations) of 19 measurements of reactor neutrino experiments
operating at short baselines. A summary of experiment details is given in Table XXI.

with �2
min < �

2
min,data is 50%, showing that the distribution of experimental ratios in

�!
R around the

mean value is representative given the correlations.

Assuming the correctness of �pred,new
f the anomaly could be explained by a common bias in all

reactor neutrino experiments. The measurements used di↵erent detection techniques (scintillator
counters and integral detectors). Neutrons were tagged either by their capture in metal-loaded scin-
tillator, or in proportional counters, thus leading to two distinct systematics. As far as the neutron
detection e�ciency calibration is concerned, note that di↵erent types of radioactive sources emit-
ting MeV or sub-MeV neutrons were used (Am-Be, 252Cf, Sb-Pu, Pu-Be). It should be mentioned
that the Krasnoyarsk, ILL, and SRP experiments operated with nuclear fuel such that the di↵erence
between the real antineutrino spectrum and that of pure 235U was less than 1.5%. They reported
similar deficits to those observed at other reactors operating with a mixed fuel. Hence the anomaly
can be associated neither with a single fissile isotope nor with a single detection technique. All
these elements argue against a trivial bias in the experiments, but a detailed analysis of the most
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CMB+BAO data, however, Ne↵ and me↵
⌫,sterile cannot be

tightly constrained, but only upper bounds can be given
(see also, e.g., Ref. [2]). In order to determine these two
parameters, as analyzed in Refs. [7–9], other astrophysi-
cal data, such as H0 measurement, SZ cluster data and
lensing data, should be considered.

FIG. 2: One-dimensional posterior distributions for H0,
�8(⌦m/0.27)0.3, and �8(⌦m/0.27)0.46 in the ⇤CDM+r+⌫s
model. Comparisons with the observational results are made.

Next, we consider these extra astrophysical data. For
the H0 direct measurement, we use the HST result H0 =
(73.8±2.4) km s�1 Mpc�1 [3]. For the SZ cluster counts,
we use the Planck result �8(⌦m/0.27)0.3 = 0.78±0.01 [4].
For the lensing data, we use both the CMB lensing
data C��

` from Planck [18] and the galaxy lensing result
�8(⌦m/0.27)0.46 = 0.774±0.040 from CFHTLenS [5]. In
the ⇤CDM+⌫s model these astrophysical data are ba-
sically consistent with the Planck temperature data [7–
9], and so combining these data is appropriate. Now,
we shall test the data consistency in the case of the
⇤CDM+r+⌫s model, i.e., if the tensions between Planck
and H0, SZ cluster counts, and galaxy shear can be al-
leviated at the same time in the ⇤CDM+r+⌫s model so
that the combination of these data sets is appropriate.

The one-dimensional posterior distributions for
H0, �8(⌦m/0.27)0.3, and �8(⌦m/0.27)0.46 in the
⇤CDM+r+⌫s model is shown in Fig. 2, where the
constraints are from the CMB+BAO (red) and the
CMB+BAO+other+BICEP2 (blue) data combinations,
respectively. Here, for convenience, we use “other”
to denote H0+Lensing+SZ. The observational results
of H0, SZ cluster counts, and galaxy shear are shown
as the colored bands in this figure. The grey, orange,
and green bands are for the observational results of
H0 = (73.8 ± 2.4) km s�1 Mpc�1 [3], �8(⌦m/0.27)0.3 =
0.78± 0.01 [4], and �8(⌦m/0.27)0.46 = 0.774± 0.040 [5],
respectively. It is clear that the previous tensions
between Planck and these observations are evidently
alleviated. In the ⇤CDM+r+⌫s model, the posterior dis-

FIG. 3: Two-dimensional joint, marginalized constraints
(68% and 95% CL) on the ⇤CDM+r+⌫s model in the ns–
r0.002 plane (upper) and in the me↵

⌫,sterile–Ne↵ plane (lower).

tributions of H0, �8(⌦m/0.27)0.3, and �8(⌦m/0.27)0.46

from the CMB+BAO data combination (red) are now
consistent with these observations at the 1� level. Fur-
ther adding the H0+Lensing+SZ+BICEP2 data leads
to much better compatibilities (see the blue curves). In
particular, the case of the SZ cluster counts (the middle
panel) is fairly impressive, implying that the SZ cluster
data play a particularly important role in constraining
this model. From the above discussion we find that
the sterile neutrino not only can reconcile the r results
from Planck and BICEP2, but also can simultaneously
relieve almost all the tensions between Planck and other
observations.

The constraint results in the ns–r0.002 and me↵
⌫,sterile–

Ne↵ planes are shown in Fig. 3. In this fig-
ure, the red contours are for the CMB+BAO+other
data combination, and the blue contours are for the
CMB+BAO+other+BICEP2 data combination. We can
see that in this case the r tension between Planck and
BICEP2 is further reduced, and the parameters Ne↵ and
me↵

⌫,sterile can be tightly constrained. We find that for

Cosmology

1403.7028
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Limits  
(let’s not forget)

• There do exist a number of strict 
limits on νμ/νe disappearance and νe 
appearance. 

• In particular, the lack of observed 
muon neutrino/antineutrino 
disappearance causes issues when 
trying to form a coherent picture of 
the sterile neutrino.

μμ

νμ disappearance limits 
(MiniBooNE and SciBooNE)

Phys. Rev. D 85, 032007 (2012)
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New results!
11

Search for anomalous MiniBooNe Q�e events in CNGS 

z There are differences w.r.t. LSND exp. 
   - L/EQ ~1 m/MeV at LSND, but   
       L/EQ��≈36.5 m/MeV at CNGS 
    - LSND�-like short distance oscill. signal   
       averages to sin2(1.27'm2

new L /E) ~1/2     
       and  <P>QP→Qe�~ 1/2 sin2(2Tnew) 
z  When compared to other long baseline 

results (MINOS and T2K) ICARUS 
operates in a L/EQ�region in which 
contributions from standard Q oscillations 
[mostly sin(T���@�are not yet too relevant. 

z Unique detection properties of LAr-TPC 
technique allow to identify unambiguously 
individual e-events with high efficiency. 

z The CNGS facility delivered an almost pure QP beam in  10-30 GeV EQ   
range (beam associated Qe ~1%) at a distance L=732 km from target. 

Neutrino_2014 Slide#  : 4 

Electron neutrino appearance  
in ICARUS (new limit)
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Muon neutrino disappearance  
in MINOS (new limit)

• I will not cover the future capabilities of MINOS+, OPERA, NOvA, T2K, … as far as sterile 
neutrino physics goes. 
!

• However, these searches are vital to the sterile program and forming a coherent picture 
of what’s going on! In particular, it is essential that we continue to push in muon 
disappearance.

Neutrino)2014).)Boston)(USA)) S.Dusini).)INFN)Padova) 17)

Δ21 ~ 0 (solar oscillation) 
s14 ~ 0 (reactor anomaly)  

 ! δ1 = 0 U = R34(⇥34)R24(⇥24,�2)R14(⇥14)R23(⇥23)R13(⇥13, �1)R12(⇥12, �3)

Choosing a particular representation (same as MINOS) 

OPERA&preliminary&
�  68%&CL&
�  &90%&CL&
�  &95%&CL&
•  CHORUS&νμ&&νt&(2ν)&
•  NOMAD&νμ&&νt&(2ν)&

Profiling over δ2 

sin2 2�µ� = 4|Uµ4|2|U�4|2 = sin2 2�24 sin
2 �34

Effective mixing  

68% CL 
90% CL  
95% CL 

O
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Δm41
2)=)1)eV2)

Tau neutrino appearance (at high Δm2)  
in OPERA (new limit)

New results!



Our best efforts to kill  
the sterile neutrino

Light sterile neutrino 
(or something else 

we don’t understand)

(From the “Jaws” movie set; 
I don’t think anyone was hurt 

as the shark is not real)
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• Where are we with the sterile neutrino? 

• Sterile neutrino complications and complaints.  

• What do we need to do to solve the light sterile neutrino 
issue? 

• An overview of the future accelerator-based experiments 
in the field.

Outline
14



Complications
• How many light sterile neutrinos are there? 0, 1, 2, 3? 

• Is there a difference between neutrino and antineutrinos? 

• If it is physics, could there be other sources of the anomalies? 

• I will largely ignore these complications. When talking about sterile 
neutrino sensitivity it’s easiest to just assume 3+1. This doesn’t tell the whole 
story but it puts everyone on the same page. 

Measuring Active-to-Sterile Neutrino Oscillations with Neutral Current Coherent
Neutrino-Nucleus Scattering

A.J. Anderson,1 J.M. Conrad,1 E. Figueroa-Feliciano,1 C. Ignarra,1

G. Karagiorgi,2 K. Scholberg,3 M.H. Shaevitz,2 and J. Spitz1

1
Massachusetts Institute of Technology, Cambridge, MA 02139, USA

2
Columbia University, New York, NY 10027, USA

3
Duke University, Durham, NC 27708, USA

Light sterile neutrinos have been introduced as an explanation for a number of oscillation signals
at �m2 ⇠ 1 eV2. Neutrino oscillations at relatively short baselines provide a probe of these possible
new states. This paper describes an accelerator-based experiment using neutral current coherent
neutrino-nucleus scattering to strictly search for active-to-sterile neutrino oscillations. This exper-
iment could, thus, definitively establish the existence of sterile neutrinos and provide constraints
on their mixing parameters. A cyclotron-based proton beam can be directed to multiple targets,
producing a low energy pion and muon decay-at-rest neutrino source with variable distance to a
single detector. Two types of detectors are considered: a germanium-based detector inspired by the
CDMS design and a liquid argon detector inspired by the proposed CLEAR experiment.

I. INTRODUCTION

Sterile neutrino models have been invoked to explain a
series of intriguing oscillation signals at �m2 ⇠ 1 eV2 [1–
4]. These signals have relied on neutrino detection
through charged current interactions. In the case of
charged current appearance, the signal is interpreted as
an active flavor oscillating to another active flavor, which
can occur at these high �m2 values if one or more neu-
trino mass states with m4, ... ⇠ 1 eV is added to the
neutrino mass spectrum. The extra mass states are as-
sumed to participate in neutrino oscillations, and must
therefore be small admixtures of weakly-interacting neu-
trino flavor states, with the remaining flavor composition
being sterile (i.e. non-weakly-interacting). In the case of
charged current disappearance, the signal is interpreted
as arising from active-flavor neutrino (e, µ, ⌧) oscillation
to any other neutrino flavor (e, µ, ⌧ , or s, with s being
the sterile flavor).

The oscillation probabilities for appearance and disap-
pearance through charged current searches are expressed
as functions of the active flavor content of the extra mass
eigenstate(s) [1, 2]. In this paper, we assume that only
one such extra mass state, m4, exists. In that case, the
oscillation probabilities are given by

P (⌫↵ ! ⌫� 6=↵) = 4|U↵4|2|U�4|2 sin2(1.27�m2
41L/E)

(1)
in the case of active appearance searches, and

P (⌫↵ ! ⌫ 6↵) = 4|U↵4|2(1� |U↵4|2) sin2(1.27�m2
41L/E)

(2)
in the case of active disappearance searches, where ↵, � =
e, µ, ⌧ ; 6 ↵ corresponds to all flavors other than ↵, includ-
ing active and sterile; |U↵4|2 corresponds to the ↵-flavor
content of the fourth mass eigenstate; and L and E repre-
sent the neutrino travel distance and energy, respectively.
Note that neither search case is purely sensitive to the
sterile neutrino content of the extra neutrino mass state,
|Us4|2. In this paper, we discuss a strictly neutral current

search using coherent neutrino scattering that allows for
pure active-to-sterile oscillation sensitivity.
Coherent neutrino-nucleus scattering is a well-

predicted neutral current weak process with a high cross
section in the standard model, as compared to other neu-
trino interactions at similar energies. Despite this, the
coherent interaction has never been observed as the keV-
scale nuclear recoil signature is di�cult to detect. The
newest generation of ⇠10 keV threshold dark matter de-
tectors provides sensitivity to coherent scattering [5] as
the interaction signal is nearly identical to that which is
expected from WIMP interactions.
An active-to-sterile neutrino oscillation search is moti-

vated in Section II. We describe an experimental design
which makes use of a high intensity pion- and muon-
decay-at-rest (DAR) neutrino source in Section III. The
coherent scattering process is introduced and the exper-
imental design is discussed in Section IV. Sensitivities
to neutrino oscillations at �m2 ⇠ 1 eV2 are shown in
Section V.

II. MOTIVATION FOR AN
ACTIVE-TO-STERILE OSCILLATION SEARCH

A decade ago, sterile neutrino oscillation models were
largely motivated by the LSND anomaly [1, 6–9]. This
result presented a 3.8� excess of ⌫̄e events consistent with
⌫̄µ ! ⌫̄e oscillations described by Eq. 1 at �m2 ⇠ 1 eV2

and sin2 2✓µe = 4|Ue4|2|Uµ4|2 ⇠ 0.003. The apparent ap-
pearance signal is thus interpreted as indirect evidence
for at least one additional neutrino carrying the ability
to mix with active flavors. Being mostly sterile, an ad-
ditional neutrino avoids conflict with measurements of
the Z invisible width [10] (characteristic of three weakly-
interacting light neutrino states) and the three-neutrino
oscillation model established by solar [11–13] and atmo-
spheric/accelerator [14–17] experiments.

The LSND signal was not present in a similar but less
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Warning: the complications 
may actually be quite important

16

• There is tension between appearance and disappearance measurements.  

Ignarra, et al. 
AHEP 2013 163897 (2013) 

16 Advances in High Energy Physics
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Figure 5:The Δ"241 versus sin22#!" allowed space from fits to neutrino (a) and antineutrino (b) data in a (3 + 1) model.
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Figure 6:The Δ"241 versus sin22#!" allowed space from fits to appearance (a) and disappearance (b) data in a (3 + 1) model.

(4) for the global best-fit parameters, which corresponds to
a $2-probability of 0.07%. This is one of the first indications
that theMiniBooNE neutrino data has some tension with the
other datasets.

The need to introduce a CP-violating phase was estab-
lished in previous studies of global fits [22]. This term
affects only fits involving appearance datasets and results in
a difference in the oscillation probabilities for %! → %"

versus %! → %". In particular, previous studies considered
CP-violating fits in an attempt to reconcile the MiniBooNE
neutrino appearance results with the MiniBooNE and LSND
antineutrino appearance results.

Table 2 gives the fit results in dataset combinations
for cross-comparison. We find that the separate neutrino
and antineutrino dataset fits remain in good agreement
and that the compatibility between them has risen to

90 90

Global appearance 3+1 allowed Global disappearance 3+1 allowed
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(4) for the global best-fit parameters, which corresponds to
a $2-probability of 0.07%. This is one of the first indications
that theMiniBooNE neutrino data has some tension with the
other datasets.

The need to introduce a CP-violating phase was estab-
lished in previous studies of global fits [22]. This term
affects only fits involving appearance datasets and results in
a difference in the oscillation probabilities for %! → %"

versus %! → %". In particular, previous studies considered
CP-violating fits in an attempt to reconcile the MiniBooNE
neutrino appearance results with the MiniBooNE and LSND
antineutrino appearance results.

Table 2 gives the fit results in dataset combinations
for cross-comparison. We find that the separate neutrino
and antineutrino dataset fits remain in good agreement
and that the compatibility between them has risen to

90 90

Global appearance 3+1 allowed Global disappearance 3+1 allowed

More data needed
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(4) for the global best-fit parameters, which corresponds to
a $2-probability of 0.07%. This is one of the first indications
that theMiniBooNE neutrino data has some tension with the
other datasets.

The need to introduce a CP-violating phase was estab-
lished in previous studies of global fits [22]. This term
affects only fits involving appearance datasets and results in
a difference in the oscillation probabilities for %! → %"

versus %! → %". In particular, previous studies considered
CP-violating fits in an attempt to reconcile the MiniBooNE
neutrino appearance results with the MiniBooNE and LSND
antineutrino appearance results.

Table 2 gives the fit results in dataset combinations
for cross-comparison. We find that the separate neutrino
and antineutrino dataset fits remain in good agreement
and that the compatibility between them has risen to

90 90

Global neutrino 3+1 allowed 
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that theMiniBooNE neutrino data has some tension with the
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The need to introduce a CP-violating phase was estab-
lished in previous studies of global fits [22]. This term
affects only fits involving appearance datasets and results in
a difference in the oscillation probabilities for %! → %"

versus %! → %". In particular, previous studies considered
CP-violating fits in an attempt to reconcile the MiniBooNE
neutrino appearance results with the MiniBooNE and LSND
antineutrino appearance results.

Table 2 gives the fit results in dataset combinations
for cross-comparison. We find that the separate neutrino
and antineutrino dataset fits remain in good agreement
and that the compatibility between them has risen to
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A CP-violating  3+3 model with Lorentz violation

A 3+1 model
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Sterile neutrino complaints
• “We don’t even know what we’re looking for”. 

•  I agree. But, if we want to figure out what (if anything) 
is going on, we need to probe the parameter space. 

•  Parameter space can be defined here as:            
(Δm2, sin22θ) and/or (L, Eν) and/or (Eν).  

• All spaces are interesting and, even in the absence of 
a sterile neutrino, can teach us about accelerator-
produced neutrinos for the future of the field!
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Armbruster et al., Phys.Rev.D65 112001 (2002)

 

Probing the parameter space, in (Δm2, sin22θ)
(hypothesis: anomalies may be  

due to one or more sterile neutrinos)
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Probing the parameter space, in (L,Eν)
Neutrino Anomalies

LSND (2001)

Evidence of antineutrino oscillations at
short distances (L ⇠ 30 m).
PRD 64, 112007 (2001)

MiniBooNE (2007)

Oscillation signal at low energies
(E ⇠ 300 MeV).
PRL 98, 231801 (2007)

MINOS (2010)

Di↵erences between neutrinos and
antineutrinos. Update: anomaly is gone
PRL 107, 021801 (2010)

None of these results can be accommodated by the 3⌫SM!

Jorge S. Diaz (Indiana University) Neutrino model building with the SME June 8, 2012 17 / 49

From J. Diaz

(hypothesis: anomalies may be due  
to Lorentz violation or something else exotic)

• Non-L/E oscillation behavior 
(mixing due to more than just 
mass) is expected in a number 
of exotic scenarios.  

• Maybe we have just 3 neutrinos 
and some other profound 
physics is taking place! 
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(hypothesis: anomalies may be due to lack of neutrino 
interaction understanding, an underestimated background, 

energy reconstruction issues, or some other systematic)

Probing the parameter space, in (Eν)

This hypothesis and its resolution may be 
important for our long baseline friends, 

especially those at low energy 
 (see: Hyper-K, ESSνSB, LBNE second 

and third oscillation maxima).
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Light sterile neutrino 
(or something else 

we don’t understand)

The future of the  
accelerator-based  

program
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Light sterile neutrino 
(or something else 

we don’t understand)

The future of the  
accelerator-based  

program
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(a “super shark”, capable of living in 87 K)



• “The non-oscillation physics is not compelling by itself”.

Topic Cites as of 5/30/2014

CCQE 1 188

Coherent pi0 97

CCpi+/CCQE ratio 58

NCpi0 68

CCQE 2 204

NC elastic 1 77

CCpi0 79

CCpi+ 68

CCQE 3 45

NC elastic 2 6

Total 890

MiniBooNE xsec analyses

Short baseline complaints

This is simply incorrect. But, don’t take my word for it.
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• “We can just do the cross section and interaction physics 
with our near detector in the long baseline program”.

Developing theory, phenomenology, and simulation 
 takes time and people. 

!
There is nothing like data to spur this along. 

!
We need to be considering the issues associated with the 

neutrino interaction now!  
  

Short baseline complaints
28



• Where are we with the sterile neutrino? 

• Sterile neutrino complications and complaints.  

• What do we need to do to solve the light sterile neutrino 
issue? 

• An overview of the future accelerator-based experiments 
in the field.

Outline
29



Defining “definitive”
Did MiniBooNE definitively solve the sterile neutrino issue?

No.$
The problem is that they saw something.  

The answer might be a ‘yes’ if they didn’t see anything. 
(in our field, it is easier to refute than to confirm) 

30



Defining “definitive”
Did MiniBooNE definitively solve the sterile neutrino issue?

No.$
The problem is that they saw something.  

The answer might be a ‘yes’ if they didn’t see anything. 
(in our field, it is easier to refute than to confirm) 

31



Defining “definitive”
Did MiniBooNE definitively solve the sterile neutrino issue?

No.$
The problem is that they saw something.  

The answer might be a ‘yes’ if they didn’t see anything. 
(in our field, it is easier to refute than to confirm) 

Therefore, a future “definitive” test requires that 
the achievable sensitivity significantly surpasses MiniBooNE’s 

sensitivity, under a 3+1 hypothesis. 
!

We want to be able to definitively refute  
AND be able to definitively confirm.  

!

32



)eµθ(22sin
-410 -310 -210 -110

)2
| (

eV
2

m
∆|

-110

1

10

210

LSND (90% CL)

>200 MeV
ν

, Eν+ν
MiniBooNE 90% CL sensitivity,

What was MiniBooNE’s sensitivity*?

From MiniBooNE data release: 
http://www-boone.fnal.gov/for_physicists/data_release/nue_nuebar_2012/

*The actual experimental sensitivity achieved 
(not from the proposal)

33

http://www-boone.fnal.gov/for_physicists/data_release/nue_nuebar_2012/


This sensitivity is not good enough to be definitive!!
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From MiniBooNE data release: 
http://www-boone.fnal.gov/for_physicists/data_release/nue_nuebar_2012/
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A definitive resolution
• Does the experiment have a good chance to see an unambiguous 

wiggle in L/E? 

• Does the experiment have a sensitivity which significantly 
surpasses MiniBooNE’s? 

• Does the experiment have a good chance to see an oscillation 
signal in multiple channels and/or with neutrinos and antineutrinos?

I require at least 2 out of 3 to be “definitive”. 
Your mileage may vary.
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• Where are we with the sterile neutrino? 

• Sterile neutrino complications and complaints.  

• What do we need to do to solve the light sterile neutrino 
issue? 

• An overview of the future accelerator-based experiments 
in the field.

Outline
36



• We are definitely moving into the “LAr detector(s) at FNAL’s Booster 
Neutrino Beamline” phase of the global accelerator-based sterile neutrino 
search program. 

• There are a number of other accelerator-based sterile neutrino ideas as well: 

• LSND-style decay-at-rest w/ liquid scintillator. 

• OscSNS, JPARC-MLF 

• Non-LAr-R&D sterile searches with technology relevant for the future. 

• nuSTORM, IsoDAR

Where are we going?
37



I am going to show some sensitivity predictions for  
various experiments. 

!
Please be careful when considering these.
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Be careful when considering 
 sensitivity estimates! 

• Systematics vs. statistics limited. 

• Where are the detector and background assumptions coming from? 

• What are the largest sources of systematics? 

• Is the technology proven? How is “proven” defined? 

• Reliance on simulation. 

• Near detector? 

• Rate-only vs. energy-shape-only vs. rate+shape. 

• Are correlations between near and far detectors taken into account?
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MicroBooNE
• Along with vital neutrino cross section 

measurements and LArTPC R&D, MicroBooNE will 
definitively address the MiniBooNE low-E excess. 

• Unfortunately, MicroBooNE suffers from a very 
specific issue when it comes to being able to 
definitively address the sterile neutrino: It’s not big 
enough. 

• MicroBooNE represents the first step in a phased 
LAr-based program at FNAL to address the sterile 
neutrino definitively and will be providing excellent 
physics in the very near future. 

!

!
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intrinsic ⌫̄e

intrinsic ⌫̄e

Primary!
Channel

Other osc 
channels

Definitive!
sterile? Other physics Tech 

R&D? Cost Why 
worry? Comment

MicroBooNE!
(π DIF)

GeV-scale 
xsec Yes $20M tech, 

cosmics Exists!

LAr1-ND!
(π DIF)

GeV-scale 
xsec Yes $13M tech, 

cosmics

ICARUS@FNAL!
(π DIF)

GeV-scale 
xsec Yes Under  

study
tech, 

cosmics

TripleLAr@FNAL
(π DIF) Probably GeV-scale 

xsec Yes Under  
study

tech, 
cosmics

Work in 
progress. 
Anti-nu?

OscSNS!
(π,μ DAR) Yes! Supernova 

xsec No $20M

JPARC MLF!
(π,μ,K DAR) No

Supernova 
and 235 MeV 

      xsec
No $5M Phase 1

IsoDAR
KamLAND!
(8

- Yes! !
(electroweak) Yes! $30M timeline, 

tech

nuSTORM!
(μ DIF) Yes! GeV-scale 

xsec Yes! $300M
timeline, 

tech, 
cost

P5 says 
no
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The future of LAr at FNAL
42

• Two new proposals went before the January 2014 PAC at FNAL to take advantage of 
the Booster Neutrino Beamline in addressing the sterile neutrino. 

• 1. The LAr1-ND phased approach, which calls for a near detector in the existing 
SciBooNE hall at 100m, while looking toward a future large far detector. 

• 2. The ICARUS approach, taking advantage of the existing T600 detector as a far 
detector and combining with a near detector. 

• Since the January PAC, members of both LAr1-ND and ICARUS have been working 
together with the lab to further develop these plans.

ArgoNeuT data



The *proposed* future of the LAr program  
at FNAL is rapidly evolving (and coming into focus). 

!

LAr1-ND ICARUS (T150+T600)

A coherent, collaborative, international program at FNAL’s BNB 
(and NuMI off-axis) likely featuring three detectors by 2018: $

near, MicroBooNE at mid-distance, and far.

(a CDR is to be presented at the FNAL July 2014 PAC)

Combining forces!
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The4cryostat4is4designed4so4that4the4bulk4of4the4cryostat4surface4is4wemed4with4liquid4(signal#
feedthrough#immersed#in#liquid,#to#limit#outgassing#from#signal#cables).4Only4a4small4volume4of4gas4is4
contained4in4an4insulated4“expansion”4tank,4sipng4on4the4top4of4the4cryostat

ν4beam

LAr1#ND4Detector4Design4(II)44

From#the#informaNon#provided#by#the#Fermilab#FaciliNes#Engineering#Services#SecNon,#the#walls#and##
floor#of#the#SciBooNE#enclosure#are#capable#of#withstanding#the#hydrostaNc#pressures#of##

the#LAr1GND#cryostat

Expansion4444tank

Side view schematic 
drawing

Lateral 
view

Front!
view

• A proposed 82 ton LArTPC near detector at 100 m in FNAL’s BNB. 

• Can provide a “near sampling” of the beam and help interpret any observed 
excess. Answers the question: Is excess intrinsic to beam or not? 

�17

!The4enclosure4formerly4used4by4the4SciBooNE4experiment44(located4on#axis4at41004m4
from4the4Booster4Neutrino4Beam4target)4is4currently4empty4and4provides4an4ideal4
locajon,4readily4usable4for4the4LAr1#ND4detector

The4SciBooNE4experimental4hall

Length#(beam#direcNon)#=#4.9#m#
Width#=#7.0#m#
Depth:#floorGgrade#=#8.5#m,##
#############floorGceiling#=#11.6#m

!The4SciBooNE4
enclosure4is4a4below4
grade4rectangular4
concrete4structure4with4
interior4dimensions:44

ν4beam

The “SciBooNE Hall” at 100 m

LAr1-ND
44
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This is “shape-only” and can 
be considered conservative. 

!
!
!

Shape-only means that the prediction for 
the far detector rate in energy comes 

from the near detector.  
!

A rate+shape fit with νμ+νe and 
correlated near-far systematics has 

better sensitivity and the international 
“TripleLAr@FNAL” group is studying this.
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Primary!
Channel

Other osc 
channels

Definitive!
sterile? Other physics Tech 

R&D? Cost Why 
worry? Comment

MicroBooNE!
(π DIF)

GeV-scale 
xsec Yes $20M tech, 

cosmics Exists!
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xsec Yes $13M tech, 
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ICARUS@FNAL!
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xsec Yes Under  

study
tech, 
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Work in 
progress. 
Anti-nu?
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xsec No $20M
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No $5M Phase 1
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- Yes! !
(electroweak) Yes! $30M timeline, 

tech

nuSTORM!
(μ DIF) Yes! GeV-scale 

xsec Yes! $300M
timeline, 

tech, 
cost

P5 says 
no
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LArTPC
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(For the uninitiated, this is a quote from “Jaws”)



ICARUS @ FNAL
• The T600 (770 ton LArTPC) has recently finished a successful three year run at Gran Sasso, 730 

km from the CNGS (~25 GeV beam) at CERN.  

• The ICARUS collaboration has formally proposed bringing the T600 to FNAL’s BNB, to be 
combined with a near detector. 

• Multiple possible technological upgrades (and LAr R&D): B-field, doping, SiPM light collection, …  
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3 years in neutrino mode with T150 and T600. 

ICARUS @ FNAL sensitivity
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This is “shape-only” and can 
be considered conservative. 

!
!
!

Shape-only means that the prediction for 
the far detector rate in energy comes 

from the near detector.  
!

A rate+shape fit with νμ+νe and 
correlated near-far systematics has 

better sensitivity and the international 
“TripleLAr@FNAL” group is studying this.
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⌫e ! ⌫e

*All of the right ingredients in TripleLAr@FNAL (near, mid, big far)  
are coming together for a definitive test. 



OscSNS, the LSND approach
• There is a reason the LSND anomaly still exists almost 15 years later. It was a 

pretty sensitive experiment!  

• The Spallation Neutron Source at Oak Ridge, by far the most intense source 
of non-reactor neutrinos in the world (1.4 MW of protons on target) is 
completely wasted as far as neutrino physics goes! Remember that the BNB 
is ~32 kW of protons (in an admittedly apples-to-oranges comparison)! 

!

• If you can rule out LSND with an LSND-style experiment, you have definitively 
resolved the sterile neutrino issue. 

• If you can rule out LSND with a pion DIF experiment in neutrino mode, there 
still may be questions. See: differences between neutrinos and anti-neutrinos.
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The CLEAR Experiment
K. Scholberg and T. Wongjirad
Department of Physics, Duke University, Durham, NC 27708, USA
E. Hungerford and A. Empl
Department of Physics, U. of Houston, Houston, TX 77204, USA
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Physics Division, Oak Ridge National Laboratory, TN 37831, USA
Y. Efremenko
Department of Physics and Astronomy, U. of Tennessee, Knoxville, TN 37996, USA
D. McKinsey and J. Nikkel
Department of Physics, Yale University, New Haven, CT 06520, USA

The Spallation Neutron Source in Oak Ridge, Tennessee, is designed to produce intense pulsed neutrons for various
science and engineering applications. Copious neutrinos are a free by-product. When it reaches full power, the SNS
will be the world’s brightest source of neutrinos in the few tens of MeV range. The proposed CLEAR (Coherent Low
Energy A (Nuclear) Recoils) experiment will measure coherent elastic neutral current neutrino-nucleus scattering at
the SNS. The physics reach includes tests of the Standard Model.

1. Neutrino Production at the SNS

The Spallation Neutron Source (SNS) is a recently-
completed facility located at Oak Ridge National Labo-
ratory, TN: it provides the most intense pulsed neutron
beams in the world for use in a wide range of science and
engineering studies. The beam is pulsed at 60 Hz and
the expected power in the first phase is 1.4 MW. First
beam was attained in 2006, and the power has been grad-
ually increasing. Full power is expected in 2010. Some
upgrades are envisioned for the next decade, including a
power upgrade to 2-5 MW, and possibly a second target
station.

Neutrinos are produced as a free by-product when pro-
tons hit the SNS target. The collisions produce hadronic
showers including pions. Whereas π− get captured, π+

slow and decay at rest. The π+
→ µ+ + νµ decay at rest

produces a prompt, monochromatic 29.9 MeV νµ. The
µ+ then decays on a 2.2 µs timescale to produce a ν̄µ and
a νe with energies between 0 and mµ/2. The ν̄e flavor is
nearly absent from the flux. See Figures 1 and 2. About
0.13 neutrinos per flavor per proton are expected, which
amounts to about 107 per flavor at 20 m from the tar-
get (Avignone and Efremenko [2003]). The short-pulse
time structure of the SNS is also advantageous: for a 60
Hz rate, the background rejection factor is a few times
10−4.

Past experiments have successfully used simi-
lar stopped-pion ν sources: examples are LAN-
SCE at LANL, which hosted the LSND experi-
ment (Athanassopoulos et al. [1997]), and ISIS at RAL,
which hosted KARMEN (Zeitnitz [1994]). However
the SNS has far superior characteristics for neutrino
experiments compared to any existing or near-future
source.

Neutrino energy (MeV)
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Figure 1: Stopped-pion neutrino spectrum, showing the dif-
ferent flavor components.

Figure 2: Timing of the SNS pulse with respect to the neu-
trino fluxes.
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• A proposed LSND-style decay-at-rest experiment at the 
1.4 MW SNS (1 GeV protons on an Hg target). 

• Can provide definitive coverage of the sterile neutrino 
region with an 800 ton LS detector, 60 m away.  
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LSND OscSNS Notes

Baseline 30 m 60 m Reduced in-beam background

Orientation Detector in front of 
beam

Detector behind  
beam Reduced in-beam background

Beam power 0.8 MW 1.4 MW

Beam pulse 600 μs,120Hz 695 ns, 60 Hz Reduced steady-state 
background

Beam kinetic energy 798 MeV 1000 MeV

Detector mass 167 ton 800 ton

Detector technology Liq. scint. w/ 25% 
photocoverage

Liq. scint. w/ 25% 
photocoverage

Better PMT QE expected in 
OscSNS

OscSNS seems to solve all of the usual quibbles about LSND
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OscSNS sensitivity

OscSNS White Paper, arXiv:1307.7097
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•  Short"baseline"νe"appearance"

•  Short"baseline"νe"and"νµ"disappearance"

•  Neutrino"cross"sec8on"measurements"
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JPARC-MLF

Example of design 

• The JPARC-MLF experiment is very similar to OscSNS. 

• An eventually 1 MW spallation source, with 3 GeV protons on a Hg target. 

• Phased approach with “Phase 1” proposal to put 2x25ton Gd-LS detectors 17 m away 
from the source to do an LSND-style experiment.  
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Figure 5: The sensitivity of the MLF experiment assuming 4 years operation (4000
hours / year) assuming the ⇠50% detection e�ciency and a 17 m baseline. The blue
line shows the 5 � C.L., while green one corresponds to 3 �.

15

5σ 
3σ

17 m, 50 tons,  
1 MW x 4 yrs, 50% efficiency

JPARC-MLF sensitivity 
⌫µ ! ⌫e ?

M. Harada et al,  
arXiv:1310.1437 [physics.ins-det] 
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(doubling as the injector cyclotron design for  
the DAEδALUS δCP experiment)
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IsoDAR

820,000 IBD events in 5 years at KamLAND  
(16 m baseline to center of detector)

⌫
e

! ⌫
x

?

13

IsoDAR’s high statistics and good L/E resolution has potential
to distinguish (3+1) and (3+2) oscillation models

Oscillation L/E Waves in IsoDAR@KamLAND

5 yrs 5 yrs

Observed/Predicted event ratio vs L/E including energy and position smearing

νe →νe

νe →νe



IsoDAR abilities
5IsoDARνe Disappearance Search

• IsoDAR:  Isotope Decay-at-rest beam
(high intensityνe source)

• p (60 MeV@10ma)  into target  → 8Li
• 8Li → 8Be + e− +νe

– Knownνe energy spectrum (mean
event energy of 8.5 MeV)

– Use shape analysis with very small
systematic uncertainties

– Observe changes in the event rate as
a function of L/E

– ~160,000 IBD events / yr in 1kton

• Update options since Snowmass
(see “Update on the IsoDAR Program For P5”)

– Watchman 1kton Gd-doped water (or
scintillator) detector in old IMB cavern

– IsoDAR at JUNO (Daya Bay II) 20
kton liquid scintillator

Measurement Sensitivity IsoDAR@Kamland

Can also isolate 3+1 vs 3+2

5 years @ KamLAND 

By the way, this is really an excellent plot that I think should be more common in 
the sterile neutrino field. If we see something, how well can we measure it? 
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3

flux is expected to be less than 0.5%, due to the mea-
surements to be carried out by beam monitoring devices
in the decay run and at a near detector.

The well defined neutrino beams available at the nuS-
TORM facility grant unparalleled opportunities for neu-
trino physics. Rates of accessible neutrino oscillation
channels for stored µ+, assuming a simple (3+1) sterile
neutrino model [24] consistent with the LSND anomaly,
are shown in Table I for 1021 POT. The probability of
observing a ⌫e ! ⌫µ transition is given by

Peµ = sin2 2✓eµ sin
2

✓
�m2L

4E

◆
(1)

where ✓eµ is an e↵ective mixing angle, and �m2 is
the e↵ective mass di↵erence, independent of the ster-
ile neutrino model. In the (3+1) model sin2 2✓eµ ⌘
4|Uµ4|2|Ue4|2 where U✏n is an element of the PMNS mix-
ing matrix. Alternatively, the probability of observing a
⌫̄µ disappearance transition is given by

Pµµ = 1� sin2 2✓µµ sin
2

✓
�m2L

4E

◆
(2)

where sin2 2✓µµ ⌘ 4|Uµ4|2
�
1� |Uµ4|2

�
in a (3+1) model.

A ⌫µ appearance experiment is conducted by observing
µ� in the detector and a ⌫̄µ disappearance experiment re-
lies on identification of µ+ in the detector. Therefore, the
sensitivity to oscillations depends on the ability of the de-
tector to distinguish the charge of the leptons produced
in the neutrino charged current (CC) interactions. With
the rates shown in Table I, a background acceptance of
10�4 is required for an appearance measurement. Direct
measurement of the cross-sections of both electron and
muon neutrinos can be measured at a near detector site
50 m from the end of the decay straight. The number of
⌫e and ⌫̄µ CC events (per 100 ton fiducial mass at the
near detector) is 4.0⇥106 and 2.1⇥106, respectively, for a
1021 POT exposure. It is also possible to select µ� in the
storage ring. This will yield a lower rate in the detection
of appearance oscillations, and hence a reduced sensi-
tivity, due to the di↵erence in the cross-section between

FIG. 1. A schematic of the storage ring configuration. Pions
are injected into a straight section and must decay into muons
before the first bend or be ejected from the ring. Muons
that decay in the injection straight during subsequent turns
produce the neutrino beam.

TABLE I. Expected rates for neutrino oscillation channels
observed at a 1.3 kt detector, 2 km away from a muon storage
ring with an exposure of 1021 POT.

Channel Oscillation N
osc.

N
null

⌫
µ

Appearance ⌫
e

! ⌫
µ

CC 332 0

⌫̄
µ

Disappearance ⌫̄
µ

! ⌫̄
µ

CC 122322 128433

⌫
e

Disappearance ⌫
e

! ⌫
e

CC 216657 230766

NC Disappearance ⌫̄
µ

! ⌫̄
µ

NC 47679 50073

NC Disappearance ⌫
e

! ⌫
e

NC 73941 78805

neutrinos and anti-neutrinos (1.8⇥ 106 ⌫̄e and 4.6⇥ 106

⌫µ CC events would be observed in the near detector in
this case).
A 1.3 kt magnetized iron-scintillator calorimeter has

been selected as the detector for short-baseline oscillation
physics at nuSTORM, as it has excellent charge selection
and detection characteristics for muons. This 6 m diam-
eter detector is to be constructed of modules of 1.5 cm
thick steel plates, and two layers of scintillator bars to
yield 3D space points at each measurement plane. The
overall length of this detector is 13 m. Each scintilla-
tor bar has a cross-section of 2.0⇥0.75 cm2 and will be
read out using silicon photo-multipliers. For a schematic
of this detector, see Fig. 2. The magnetic field will be
generated by a 240 kA-turns current carried by 8 turns
of a super-conducting transmission line. This provides a
toroidal magnetic field between 1.9 and 2.6 Tesla within
the steel.
A detailed simulation of the iron-scintillator far detec-

tor was developed from the neutrino factory far detec-
tor simulation [25]. This simulation uses the GENIE
[26] package to simulate neutrino interactions in iron
and scintillator, and GEANT4 [27] to simulate the in-
teractions of the products with the detector material. A
simple digitization is used to group ionization sites to
particular paired scintillator bars and replicate the ef-
fects of resolution and attenuation within the scintillator
bars. Tracks are reconstructed from the events through

FIG. 2. A cross section of the prospective iron-scintillator
neutrino detector (6 m in diameter and 13 m in length).

nuSTORM

3

flux is expected to be less than 0.5%, due to the mea-
surements to be carried out by beam monitoring devices
in the decay run and at a near detector.

The well defined neutrino beams available at the nuS-
TORM facility grant unparalleled opportunities for neu-
trino physics. Rates of accessible neutrino oscillation
channels for stored µ+, assuming a simple (3+1) sterile
neutrino model [24] consistent with the LSND anomaly,
are shown in Table I for 1021 POT. The probability of
observing a ⌫e ! ⌫µ transition is given by

Peµ = sin2 2✓eµ sin
2

✓
�m2L

4E

◆
(1)

where ✓eµ is an e↵ective mixing angle, and �m2 is
the e↵ective mass di↵erence, independent of the ster-
ile neutrino model. In the (3+1) model sin2 2✓eµ ⌘
4|Uµ4|2|Ue4|2 where U✏n is an element of the PMNS mix-
ing matrix. Alternatively, the probability of observing a
⌫̄µ disappearance transition is given by

Pµµ = 1� sin2 2✓µµ sin
2

✓
�m2L

4E

◆
(2)

where sin2 2✓µµ ⌘ 4|Uµ4|2
�
1� |Uµ4|2

�
in a (3+1) model.

A ⌫µ appearance experiment is conducted by observing
µ� in the detector and a ⌫̄µ disappearance experiment re-
lies on identification of µ+ in the detector. Therefore, the
sensitivity to oscillations depends on the ability of the de-
tector to distinguish the charge of the leptons produced
in the neutrino charged current (CC) interactions. With
the rates shown in Table I, a background acceptance of
10�4 is required for an appearance measurement. Direct
measurement of the cross-sections of both electron and
muon neutrinos can be measured at a near detector site
50 m from the end of the decay straight. The number of
⌫e and ⌫̄µ CC events (per 100 ton fiducial mass at the
near detector) is 4.0⇥106 and 2.1⇥106, respectively, for a
1021 POT exposure. It is also possible to select µ� in the
storage ring. This will yield a lower rate in the detection
of appearance oscillations, and hence a reduced sensi-
tivity, due to the di↵erence in the cross-section between

FIG. 1. A schematic of the storage ring configuration. Pions
are injected into a straight section and must decay into muons
before the first bend or be ejected from the ring. Muons
that decay in the injection straight during subsequent turns
produce the neutrino beam.

TABLE I. Expected rates for neutrino oscillation channels
observed at a 1.3 kt detector, 2 km away from a muon storage
ring with an exposure of 1021 POT.

Channel Oscillation N
osc.

N
null

⌫
µ

Appearance ⌫
e

! ⌫
µ
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⌫̄
µ

Disappearance ⌫̄
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! ⌫̄
µ
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! ⌫
e
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! ⌫̄
µ

NC 47679 50073
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e

! ⌫
e

NC 73941 78805

neutrinos and anti-neutrinos (1.8⇥ 106 ⌫̄e and 4.6⇥ 106

⌫µ CC events would be observed in the near detector in
this case).
A 1.3 kt magnetized iron-scintillator calorimeter has

been selected as the detector for short-baseline oscillation
physics at nuSTORM, as it has excellent charge selection
and detection characteristics for muons. This 6 m diam-
eter detector is to be constructed of modules of 1.5 cm
thick steel plates, and two layers of scintillator bars to
yield 3D space points at each measurement plane. The
overall length of this detector is 13 m. Each scintilla-
tor bar has a cross-section of 2.0⇥0.75 cm2 and will be
read out using silicon photo-multipliers. For a schematic
of this detector, see Fig. 2. The magnetic field will be
generated by a 240 kA-turns current carried by 8 turns
of a super-conducting transmission line. This provides a
toroidal magnetic field between 1.9 and 2.6 Tesla within
the steel.
A detailed simulation of the iron-scintillator far detec-

tor was developed from the neutrino factory far detec-
tor simulation [25]. This simulation uses the GENIE
[26] package to simulate neutrino interactions in iron
and scintillator, and GEANT4 [27] to simulate the in-
teractions of the products with the detector material. A
simple digitization is used to group ionization sites to
particular paired scintillator bars and replicate the ef-
fects of resolution and attenuation within the scintillator
bars. Tracks are reconstructed from the events through

FIG. 2. A cross section of the prospective iron-scintillator
neutrino detector (6 m in diameter and 13 m in length).

• A low-energy (Pμ=3.8 GeV/c) muon storage ring in combination with a LAr 
or Fe+scintillator detector.  

• Can provide definitive coverage of the sterile neutrino region. 

• Important technology step: muon storage ring as a simple neutrino factory.
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TABLE III. Systematic uncertainties expected for a short-
baseline muon neutrino appearance experiment based at nuS-
TORM.

Uncertainty Expected Contribution

Signal Background

Flux 0.5% 0.5%

Cross section 0.5% 5%

Hadronic Model 0 8%

Electromagnetic Model 0.5% 0

Magnetic Field 0.5% 0.5%

Variation in Steel Thickness 0.2% 0.2%

Total 1% 10%

in Fig. 3(b).
The detector response for each class of event shown in

Fig. 3 is extracted from the detector simulation as a “mi-
gration” matrix of the probability of a neutrino generated
in the ith energy bin being reconstructed in the jth energy
bin. The migration matrices are input into a simulation
of the oscillation experiment using the GLoBES software
package [32] with modifications to simulate non-standard
interactions [24] and accelerator e↵ects, such as the in-
tegration of muon decays from positions throughout the
decay straight [31, 33]. The GLoBES simulations assume
an experiment with a 1.3 kt far detector at a distance of
2 km from the end of the storage ring, with 1.6⇥1018

useful muon decays. The total appearance signal is 73
events, with a combined background of 6 events, assum-
ing �m2

14 = 0.89 eV2 and ✓14 = 0.15 rad.
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FIG. 4. Sensitivity of nuSTORM to the ⌫
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µ

appearance
oscillation due to the presence of sterile neutrinos assuming a
(3+1) model with anticipated and inflated systematics, com-
pared to 99% confidence contours from global fits to the ev-
idence for sterile neutrinos and to all available appearance
experiments generated by Kopp et. al. [24] (filled contours)
and limits set by ICARUS [34].

The sensitivity of a ⌫µ appearance experiment to the
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FIG. 5. Sensitivity of nuSTORM to ⌫
µ

disappearance os-
cillations assuming a (3+1) neutrino model. Contours are
generated from a �2 statistic assuming both the anticipated
and inflated systematic uncertainties compared to the exclu-
sion contour produced from the fit of sin2 2✓

µµ

and �m2 to
the existing disappearance data (blue dots) [24].

presence of sterile neutrinos in a (3+1) model as a func-
tion of �m2

14 and sin2 2✓eµ is shown in Fig. 4 assum-
ing the anticipated systematic uncertainties (Table III)
and systematic uncertainties inflated to 5% (signal) and
50% (background), using a boosted decision tree anal-
ysis. This is compared to the 99% confidence contours
from fits generated by Kopp et. al. [24] to the combina-
tion of LSND, MiniBooNE, and the reactor and gallium
disappearance experiments (“Fit to Evid.”), and to all
available appearance data (“Fit to App.”) and to the
recent 99% C.L. contour from the long-baseline ICARUS
experiment [34], neglecting matter e↵ects.

Neutrino cross-section uncertainties can be reduced by
direct measurements conducted with the beams produced
by nuSTORM in both the ⌫µ and ⌫e channels. For the
appearance experiment, relative systematic uncertainties
due to di↵erences in cross-sections of neutrino and anti-
neutrino, and electron and muon neutrinos will primarily
a↵ect the backgrounds, and therefore are strongly sup-
pressed. The uncertainty in the quasi-elastic scattering
cross-section relative to the total cross section will af-
fect the signal and the background equally. Such mea-
surements will greatly contribute to the physics in the
neutrino generators used for reference simulations. How-
ever, as the appearance search is a rate limited measure-
ment, energy calibration e↵ects such as the known GE-
NIE model uncertainties [35] should not a↵ect the results
described here.

The sum of these systematic uncertainties will yield a
total 1% uncertainty to the total normalization of the
signal and a 10% uncertainty to the background. In
the absence of any such measurements, an upper limit
can be taken from existing experiments, such as MINOS
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D. Adey et al., 
arXiv:1402.52501.3 kton magnetized Fe-scintillator far detector @ 2km 

(w/ near detector @ 100 m); 10 years of running
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Conclusions
• The discovery of a light sterile neutrino would be a monumental 

result for particle physics and cosmology.$

!

• The light sterile neutrino issue needs to be resolved. 

• A truly definitive resolution is difficult to achieve and will likely require 
multiple detectors/experiments. 

• Regardless if there is a sterile neutrino or not, a lot of important 
physics and R&D can be provided by accelerator-based short-
baseline experiments.
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LArTPC technology

Short Baseline Neutrinos Short Baseline Oscillation Hints Electron Photon Separation

Experimental SensitivityDetectors

Electron Neutrino Appearance with the Fermilab Short Baseline Program 

Corey Adams, Yale University 
corey.adams@yale.edu 
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MicroBooNE is a 60 ton fiducial  

volume Liquid Argon Time 
 Projection Chamber 

(LArTPC) being 
constructed at Fermilab.

LAr1-ND is a proposed  
near detector along the  
same beam line as  
MicroBooNE, currently  
under review by FermiLab.

The Booster Neutrino Beam and multiple 
Liquid Argon Time Projection Chambers will 
be a world class Short Baseline Neutrino 
Experiment.

MicroBooNE
MiniBooNE

LAr1-ND 100m

470m
540m Accelerator Based Oscillation Anomalies

Confirming MiniBooNE Characterizing An Excess? 

⌫̄e + p ! e+ + n

The Liquid Scintillator Neutrino Detector at 
Los Alamos National Lab observed an excess 
of νe̅ in a νμ̅ beam.

• MiniBoone at 
Fermilab also saw an 
excess of events, but 
could not 
definitively classify 
them as electrons or 
photons.  

• MicroBooNE is 
designed to resolve 
the MiniBooNE 
anomaly.

ArgoNeuT Data Photon Candidate

MiniBooNE  
Signature

Electrons
Photons

SIMULATION

See talk from A. Szelc!

e-

γ→e-+e+

A. Szelc

Read out 
each wire

PRELIMINARY 
SIMULATIONMicroBooNE will be able to confirm or reject 

the MiniBooNE result after 3 years of running 
and determine if the excess is due to electrons 
or photons.

Process Events Events MiniBooNE dE/dx Total Error Error

(µB) (LAr1-ND) unc. unc. unc. (µB) (LAr1-ND)

µ ! ⌫e 21.5 171.3 0.26 0.1 0.28 6.0 47.7

K+ ! ⌫e 6.4 51.3 0.22 0.1 0.24 1.55 12.4

K0 ! ⌫e 1.8 14.7 0.38 0.1 0.39 0.73 5.79

⌫µ CC 4.9 38.9 0.26 0.0 0.26 1.27 10.1

⌫µe ! ⌫µe 3.8 30.7 0.25 0.1 0.27 1.03 8.26

NC ⇡0 6.7 53.4 0.13 0.1 0.16 1.10 8.77

Dirt 0.9 6.9 0.16 0.1 0.19 0.16 1.31

� ! N� 2.5 19.8 0.14 0.1 0.17 0.43 3.40

Other 0.9 7.6 0.25 0.1 0.27 0.26 2.04

Total 49.4 322.1 6.55 52.23

MicroBooNE LAr1-ND

Total Events 97 775

“Low-energy Excess” 47.6 380

Background 49.4 394.6

Statistical Error 7.0 19.9

Systematic Error 6.6 52.2

Total Error 9.6 55.9

Statistical Significance of Excess 6.8 � 19.1 �

Total Significance of Excess 5.0 � 6.8 �

Table 2: Anticipated event rate and errors in MicroBooNE and LAr1-ND with reconstructed neu-

trino energy 200-475 MeV determined by scaling from the observed events at MiniBooNE [?]. Es-

timated significance to the MiniBooNE “low-energy anomaly” at each location is determined by

assuming the MiniBooNE excess is not dependent on the neutrino propagation length.

2

If an excess is 
observed, the next 
question to ask is: 
does this excess appear 
over a distance or is it 
intrinsic to the beam?

This can only be 
answered with a near 
detector.

LAr1-
ND

M
icr

oBooNE

A near detector such 
as LAr1-ND must be 
placed at the source of 
the beam to make a 
measurement before 
the onset of 
oscillations. 

Biggest uncertainties in MicroBooNE are 
neutrino flux and  cross section - best 
addressed with a near detector.

MicroBooNE, combined with a near detector 
such as LAr1-ND, can begin to probe much of 
the LSND allowed region at 90% confidence 
limit.  

PRELIMINARY 
SIMULATION

PRELIMINARY 
SIMULATION

• Electron Neutrino Cross 
section is unmeasured on 
argon at these energies. 

• Flux Uncertainties are a 
concern in determining 
backgrounds to an 
electron neutrino 
appearance search.

A. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 110 161801 (2013)

A. A. Aguilar-Arevalo et al., Phys. Rev. Lett. 110 161801 (2013)

[C. Athanassopoulos et al., Phys. Rev. Lett. 75, 2650 (1995); 
81,1774(1998); A.Aguilar et al., Phys. Rev. D64, 112007(2001).] 

Presenting on behalf of MicroBooNE and LAr1-ND Collaborations • MiniBooNE has drawn closed contours but cannot tell us if the allowed regions correspond to 
a photon or an electron excess. Electrons make it more likely that the excess is due to 
oscillations; gammas make it more likely that the excess is due to a new or underestimated 
background. 

• LArTPCs will be able to make this distinction and, in general, are simply able to characterize 
the nature of a neutrino beam much better than more conventional technology. 
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Advantage of the neutral 
current in a sterile search

• The disappearance of neutrinos interacting via the neutral current is a 
strict probe of active-to-sterile oscillations. 

• No complicating contributions from active-to-active disappearance. 

• Could definitively establish the existence of a sterile flavor, especially 
when considered in combination with charged-current based searches. 
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FIG. 1: The antineutrino mode (top) and neutrino mode (bot-
tom) E

QE
⌫ distributions for ⌫e CCQE data (points with sta-

tistical errors) and background (histogram with systematic
errors).

ing the predicted e↵ects on the ⌫µ, ⌫̄µ, ⌫e, and ⌫̄e CCQE
rate from variations of parameters. These include uncer-
tainties in the neutrino and antineutrino flux estimates,
uncertainties in neutrino cross sections, most of which
are determined by in-situ cross-section measurements at
MiniBooNE [20, 23], uncertainties due to nuclear e↵ects,
and uncertainties in detector modeling and reconstruc-
tion. A covariance matrix in bins of EQE

⌫ is constructed
by considering the variation from each source of system-
atic uncertainty on the ⌫e and ⌫̄e CCQE signal, back-
ground, and ⌫µ and ⌫̄µ CCQE prediction as a function of
E

QE
⌫ . This matrix includes correlations between any of

the ⌫e and ⌫̄e CCQE signal and background and ⌫µ and
⌫̄µ CCQE samples, and is used in the �

2 calculation of
the oscillation fits.

Fig. 1 (top) shows the E

QE
⌫ distribution for ⌫̄e CCQE

data and background in antineutrino mode over the full
available energy range. Each bin of reconstructed E

QE
⌫

corresponds to a distribution of “true” generated neu-
trino energies, which can overlap adjacent bins. In an-
tineutrino mode, a total of 478 data events pass the
⌫̄e event selection requirements with 200 < E

QE
⌫ <

1250 MeV, compared to a background expectation of
399.6±20.0(stat.)±20.3(syst.) events. For assessing the
probability that the expectation fluctuates up to this 478
observed value, the excess is then 78.4 ± 28.5 events or
a 2.8� e↵ect. Fig. 2 (top) shows the event excess as a
function of EQE

⌫ in antineutrino mode.

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rates are stable to < 2% and that
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FIG. 2: The antineutrino mode (top) and neutrino mode (bot-
tom) event excesses as a function of EQE

⌫ . (Error bars include
both the statistical and systematic uncertainties.) Also shown
are the expectations from the best two-neutrino fit for each
mode and for two example sets of oscillation parameters.

the detector energy response is stable to < 1% over the
entire run. In addition, the fractions of neutrino and an-
tineutrino events are stable over energy and time, and
the inferred external event rate corrections are similar in
both neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the probabil-
ity, P , of ⌫̄µ ! ⌫̄e oscillations is given by P =
sin2 2✓ sin2(1.27�m

2
L/E⌫), sin

2 2✓ = 4|Ue4|2|Uµ4|2, and
�m

2 = �m

2
41 = m

2
4 � m

2
1. The oscillation parame-

ters are extracted from a combined fit of the observed
E

QE
⌫ event distributions for muon-like and electron-like

events. The fit assumes the same oscillation probabil-
ity for both the right-sign ⌫̄e and wrong-sign ⌫e, and
no significant ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using a
likelihood-ratio technique [4], the confidence level values
for the fitting statistic, ��

2 = �

2(point) � �

2(best), as
a function of oscillation parameters, �m

2 and sin2 2✓,
is determined from frequentist, fake data studies. The
critical values over the oscillation parameter space are
typically 2.0, the number of fit parameters, but can be
as a low as 1.0 at small sin2 2✓ or large �m

2. With
this technique, the best antineutrino oscillation fit for
200 < E

QE
⌫ < 3000 MeV occurs at (�m

2, sin2 2✓) =
(0.043 eV2, 0.88) but there is little change in probabil-
ity in a broad region up to (�m

2, sin2 2✓) = (0.8 eV2,
0.004) as shown in Fig. 3 (top). In the neutrino oscilla-
tion energy range of 200 < E

QE
⌫ < 1250 MeV, the �2

/ndf

for the above antineutrino-mode best-fit point is 5.0/7.0
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FIG. 3: MiniBooNE allowed regions in antineutrino mode
(top) and neutrino mode (bottom) for events with E

QE
⌫ > 200

MeV within a two-neutrino oscillation model. Also shown are
the ICARUS [28] and KARMEN [24] appearance limits for
neutrinos and antineutrinos, respectively. The shaded areas
show the 90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions.
The black stars show the MiniBooNE best fit points, while
the circles show the example values used in Fig. 2.

lous background processes. The neutrino mode running
also shows an excess of 162.0±47.8 events (3.4�), but the
energy distribution of the excess is marginally compatible
with a simple two neutrino oscillation formalism. While
this incompatibility might be explained by unexpected
systematic uncertainties and backgrounds, expanded os-
cillation models with several sterile neutrinos can reduce
the discrepancy by allowing for CP violating e↵ects. On
the other hand, global fits [12] with these expanded mod-
els show some incompatibility with the current upper lim-
its on electron and muon neutrino disappearance that will
need new data and studies to resolve.
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• MicroBooNE will be able to confirm or refute the low-E excess. 

• What does this have to do with the sterile neutrino? It’s not clear exactly. But, the low-
E excess certainly drives the MiniBooNE anomaly. 

• The low-E excess and the sterile neutrino are not the same because you have to 
consider all energy bins within a certain model (e.g. 3+1) when considering sterile 
neutrino sensitivity.
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Flux      power         
Duty factor = T*rate (") 
 

/

*Adapted from a slide by K. Scholberg
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better 

Flux      power         
Duty factor = T*rate (") 
                    = max(T, 2.2 µs)*rate (+ for µdk ν’s) 

/ it doesn’t help 
that much 
to be faster 
than µdk 
timescale 

*Adapted from a slide by K. Scholberg



Of claims and sigmas
• Is a 5σ signal from a single experiment even good enough for discovery at this point? 

Maybe not. Indeed, the combination of two independent and reasonably “consistent” 
3.8σ measurements (i.e. LSND and MiniBooNE) is certainly not good enough.  
!
!
!
!
!
!

• Do we need to see a wiggle? It would be nice. Unfortunately, much of the allowed 
(e.g. >10 eV2) parameter space will not actually provide a discernible L/E wiggle in 
our experiments. 
!

• We may have entered the dreaded “5σ from a single measurement is not good 
enough” phase, where quoting sensitivity in sigmas loses meaning fast.  

LAr1-ND Proposal / 11

Figure 2.4: The measured/predicted event ratio for GALLEX and SAGE source calibration data.

The average, shown by the shaded band, is 0.86 ± 0.05 [19].

Experiment Type Channel Significance

LSND DAR ⌫̄

µ

! ⌫̄

e

CC 3.8�

MiniBooNE SBL accelerator ⌫

µ

! ⌫

e

CC 3.4�

MiniBooNE SBL accelerator ⌫̄

µ

! ⌫̄

e

CC 2.8�

GALLEX/SAGE Source - e capture ⌫

e

disappearance 2.8�

Reactors Beta-decay ⌫̄

e

disappearance 3.0�

Table 2.1: Summary of the experimental hints suggesting the possibility of high-�m2 neutrino

oscillations.

and �m

2
31 = 2.4 ⇥ 10�3 eV2 and are taken to be dominated by active flavors (⌫

e

, ⌫
µ

, ⌫
⌧

)

with only small contributions from sterile flavors. Additional higher mass neutrino states,

⌫4, ⌫5, ... are taken as mostly sterile with small active flavor content (Fig. 2.5). The ex-

perimental results described above can be interpreted as indications of oscillations due to

mass-squared splitting in the �m

2
41 ⇡ [0.1� 10] eV2 range.

Given the importance of such a discovery, it is clear that the existing anomalies must

be explored further by repeating the existing measurements in an e↵ective way capable of

addressing the oscillation hypothesis.

MiniBooNE combo is 3.8σ

Existing4Anomalies4in4Neutrino4Physics4@4SBL
❖ �=5+7/2+39'1�'342'1/+8�7'3-/3-�/3�8/-3/,/)'3)+�����C���B��.';+�(++3�7+5479+*�
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radioactive4sources4
reactor4neutrinos

K.#N.#Abazajian#et#al.#"Light#Sterile#Neutrinos:#A#Whitepaper",#arXiv:1204.5379#[hepGph],#(2012)#
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arXiv:1310.4340 [hep-ex]
From Snowmass 2013 Executive Summary on Neutrinos,

Clearly, an accelerator-based short baseline program 
is important to the community

Complementary experiments with di↵erent energies, baselines and detector technologies (e.g., Hyper-K
in Japan) are required in order to fully exploit conventional neutrino beams. The accompanying very-
large detectors, if placed underground, also allow for the study of atmospheric neutrinos, nucleon decay,
and precision measurements of neutrinos from a galactic supernova explosion. PINGU, an upgrade of
IceCube, provides a promising opportunity to measure the mass hierarchy using atmospheric neutrinos.

Next-next generation experiments will require better (both more intense, and better understood) neu-
trino beams. Promising possibilities include neutrinos from muon storage rings (e.g., NuMAX), and
neutrinos from very intense cyclotron-based sources of pion decay at rest (e.g., DAE�ALUS). Muon-
based neutrino beams in particular have strong synergies with Project X and provide a necessary step
in the R&D for a high-energy muon collider. While these large, ambitious projects are vigorously
developed, the following medium and small-scale neutrino activities need to be pursued.

– Precision measurements and theories of neutrino cross sections and a detailed understanding of
the neutrino flux from pion-decay-in-flight neutrino beams. These activities can be pursued in the
near- detectors associated with the large long-baseline projects or alongside R&D projects related
to next-next generation neutrino beams, as well as by small-scale dedicated experiments. A well-
considered program of precision scattering experiments in both low- and high-energy regimes,
combined with a renewed dedicated theoretical e↵ort to develop a reliable, nuclear-physics-based
description of neutrino interactions in nuclei is mandatory. Scattering measurements may also be
of intrinsic interest.

– Definite resolution of the current short-baseline anomalies. These will (probably) require neu-
trino sources other than pion-decay-in-flight and the pursuit of di↵erent flavor-changing channels,
including ⌫e,µ disappearance and ⌫µ ! ⌫e appearance, using a combination of reactor, radioac-
tive source and accelerator experiments. In addition to small-scale dedicated experiments, such
experiments can be carried out as part of R&D projects related to next-next generation neutrino
beams (e.g., nuSTORM, IsoDAR).

– Vigorous pursuit of R&D projects related to the development of next-next generation neutrino
experiments. As discussed above, these medium and small experiments will also address several
key issues in neutrino physics.

• Searches for neutrinoless double-beta decay: The current generation of experiments is pursuing di↵erent
detector technologies with di↵erent double-beta decaying isotopes. The goals of these experiments are
to (a) discover neutrinoless double-beta decay, which is guaranteed if the neutrinos are Majorana
fermions and their masses are quasi-degenerate, (b) provide information regarding the most promising
techniques for the next generation.

Next-generation experiments aim at discovering neutrinoless double-beta decay if neutrinos are Majo-
rana fermions and if the neutrino mass hierarchy is inverted. In the case of a negative result, assuming
oscillation experiments have revealed that the neutrino mass hierarchy is inverted, these experiments
will provide strong evidence that the neutrinos are Dirac fermions. As with precision measurements
of beta decay (see below), the information one can extract from the current and the next generation
of neutrinoless double-beta decay experiments increases significantly if indirect evidence for neutrino
masses is uncovered, e.g., with cosmological probes.

• Determination of the absolute values of the neutrino masses: Precision measurements of beta decay
remain the most promising model-independent probes. While the KATRIN experiment is taking data,
vigorous R&D e↵orts for next-generation probes (e.g., ECHo, Project 8, PTOLEMY) are required in
order to identify whether it is possible to reach sensitivities to the e↵ective “electron-neutrino mass”
below 0.05 eV. Nontrivial information is expected from di↵erent cosmological probes of the large-scale
structure of the Universe.

The relevance of neutrino science and technology extends well beyond the fundamental research commu-
nity. Neutrinos may be useful for monitoring reactors in the context of international nuclear nonproliferation
(e.g., WATCHMAN). The essential building blocks of neutrino science — detectors and accelerators — have
important spin-o↵ applications for medicine and in industry. Finally,
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⌫µ ! ⌫e ?Neutrino flux from pion and muon decay-at-rest

protons Pions 
Muons 

The LSND-style 
experiment
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Neutrons @ JPARC-MLFinos
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M. Harada et al,  
arXiv:1310.1437 [physics.ins-det] 

OscSNS JPARC-MLF  
(phase 1) Notes

Detector 800 ton 50 ton

Baseline 60 m 17 m

Cost $20M $5M

Beam kinetic 
energy 1 GeV 3 GeV

pi+/pi- ratio is less 
favorable for 
JPARC-MLF

Beam power 1.4 MW 1 MW (eventually)

Beam pulse 695 ns, 60 Hz 80 ns (x2), 25 Hz
Difference doesn’t 

matter much due to 
muon lifetime
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Figure 8: The energy spectra of neutrinos from pion and kaon decays which are
based on Geant4 [19] calculations (top). This tends to be at the low end of neutrino
yeild estimates of various particle production models. Time distribution of neutrinos
from pion, muon and kaon decays is shown in the bottom plot. Neutrino beams from
muon decay at rest only survive after 1 µs from the start of proton beam.
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JPARC-MLF 
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Energy distribution of events (L=17m) 

(MeV) (MeV) 

(MeV) (MeV) 

Signal  
Qe from P- 

'm2=0.5eV2  'm2=2.5eV2  

'm2=3.5eV2   'm2=5.5eV2   

 
• Energy is smeared by 15%/sqrt(E)  (detector E resolution) 

M. Harada et al, arXiv:1310.1437 [physics.ins-det] 

(plots are norm
alized by area) 

A comment on the νe̅ intrinsic 
background for LSND-style
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The DAEδALUS program
• The cyclotron as a new, intense source of decay-at-

rest neutrinos.  

• High-Q isotope  

• Pion/muon 

• Sterile neutrinos, weak mixing angle, NSI, δCP, ν-A 
coherent scattering, supernova xsec, accelerator, …

8Li ! 8Be + e� + ⌫e
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The path to 800 MeV

Target/dump

Superconducting  
ring cyclotron 
(DAEδALUS)

Ion source

Injector cyclotron 
(IsoDAR)

⌫ ⌫

⌫ ⌫

⌫

⌫

⌫

⌫

⌫
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Where can DAEδALUS run?!

MEMPHYS!

LENA#

Hyper-K (or initially, Super-K)!

M.#Toups,#MIT#++#TAUP#2013# 10#

Focus#of#this#talk#

Where can IsoDAR run?

http://upload.wikimedia.org/wikipedia/
commons/d/d6/

Snoplus_anchor_possibility.png http://
t0.gstatic.com/images?

q=tbn:ANd9GcTnkmPoWRvSQSan-

Hyper-K

LENA

MEMPHYS

http://kamland.lbl.gov/Pictures/pictures/KamLAND-
detector-ill.jpg

KamLAND

Borexino WATCHMAN

JUNO

SNO+
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1.#Cost#
2.#νe#rate##
3.#Backgrounds#low#
4.#Technical#risk#
5.#Compactness#
6.#Simplicity#u’ground#
7.#Reliability#
8.#Value#to#other#exps#
9.#Value#to#Industry#
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Figure 11: Comparison of IsoDAR to alternative designs. See text for explanation.

• Value to future physics programs: Good: multiple examples of applications in physics; Mod-
erate: one other example; Bad: no examples. In the case of IsoDAR, these include application
of the technology to DAE�ALUS and to rare isotope production facilities such as Legnaro,
Holifield, and the 70 MeV cyclotron in Nantes.

• Value of this development to industry: Good: multiple examples of interested industries;
Moderate: one other example; Bad: no examples. In the case of IsoDAR, the IBA and BEST
Cyclotron Systems companies have both demonstrated interest in the design.

Based on this study, we conclude that the IsoDAR base design is the best technology choice for
the planned physics application.

29

IsoDAR cost estimates at present
Cost-effective design options for IsoDAR 

A. Adelmann et al. arXiv:1210.4454

1st source constructed -> $30M base cost (2013 $) recommended contingency as of now: 50% 
after first engineering design: 20%If more sources are constructed: $15M each

DOE-sponsored study on a 2 mA proton machine

This is a simpler machine. 
  
IsoDAR will cost more 
because the machine is 
larger…but this sets the 
scale.

Other options?



IsoDAR’s high statistics and good L/E resolution provide the 
potential for distinguishing (3+1) and (3+2) oscillation models

5 yrs @ KamLAND

Observed/Predicted event ratio vs L/E, including energy and position smearing

93

How many steriles? 93


